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The  effect  of  adding  a  non-ionic  surfactant  to  disperse  oxide  particles  on  the  electrochemical  performance 
of  PAni/LiMnNi04  composites  is  evaluated  by  using  cyclic  voltammetry  (CV),  impedance  measurements 
and  constant-current  charge/discharge  cycling  techniques.  Three  surfactants  based  on  ethoxylated  (EO) 
and  propoxylated  (PO)  lauryl  alcohols  (3EO/6PO,  L306;  4EO/5PO,  L405;  and  6EO/3PO,  L603)  were  inves¬ 
tigated.  For  comparative  purposes,  the  oxide  and  polyaniline  were  prepared  by  sol-gel  and  chemical 
methods  and  were  also  investigated  for  their  physical  and  electrochemical  performances.  By  galvanostatic 
charge-discharge  tests,  the  PAni/LiMnNi04  L306  composite  showed  a  better  electrochemical  perfor¬ 
mance  than  each  single  component  and  other  composites  (PAni/LiMnNi04  L405  and  PAni/LiMnNi04 
L603).  The  electrical  conductivity  of  this  composite  reached  21.7  S  cm-1,  and  an  initial  discharge  capacity 
of  198  mAh  g-1  was  obtained.  After  21  cycles,  the  retention  capacity  was  91%.  These  results  indicate  a 
synergistic  effect  among  the  materials  in  the  composite. 

Analytical  techniques,  such  as  scanning  electron  microscopy  (SEM),  X-ray  diffraction  spectroscopy 
(XRD)  and  inductively  coupled  plasma-atomic  emission  spectrometry  (ICP-AES)  were  also  used  to  char¬ 
acterize  the  composite  materials. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Today,  the  demand  for  rechargeable  batteries  with  high  energy 
densities  and  high  voltages  has  rapidly  increased  due  to  the 
advancement  and  popularity  of  portable  electronic  devices.  Among 
the  possible  new  cathode  materials  for  Li-ion  batteries,  LiMn204 
spinel  compounds,  in  which  manganese  atoms  are  partially  substi¬ 
tuted  by  nickel,  copper,  cobalt,  chromium,  titanium,  or  aluminum, 
have  attracted  much  attention  in  recent  years  [1-5].  According  to 
reports  by  Ohzuku  and  Makimura  [6],  a  layered  transition  metal 
oxide  such  as  LiNio.5Mno.5O2  presents  several  advantages,  mainly 
because  it  does  not  transform  to  the  spinel  structure  during  elec¬ 
trochemical  cycling  and  it  shows  no  sign  of  structural  degradation 
due  to  multiphase  reactions  at  higher  voltages  (>4.3  V),  which  are 
the  major  drawbacks  associated  with  LiMn02  and  LiNi02,  respec¬ 
tively  [7].  The  lithium  reinsertion  is  facilitated  by  LiNio.5Mno.5O2, 
which  exhibits  dischargeable  capacities  of  ca.  120  and  150  mAhg-1 
at  2.8-4.3  and  2.8-4.6V,  respectively,  with  slight  capacity  fades. 
Furthermore,  because  the  Mn  content  is  higher  and  the  Ni  content 
is  lower  than  in  LiNi02,  LiNio.5Mno.5O2  is  both  cost-effective  and 
less  toxic,  and  an  improved  thermal  safety  is  anticipated.  It  has  also 
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been  shown  that  the  LiNio.5Mno.5O4  powder,  calcinated  at  950  °C, 
shows  the  best  electrochemical  performance  with  an  initial  dis¬ 
charge  capacity  of  139  mAh  g-1  and  96%  retention  after  50  cycles 
[8]. 

However,  further  improvement  is  needed  before  the  material 
is  suitable  for  practical  uses.  To  date,  very  little  research  on  the 
electronic  transport  of  doped  manganese  spinel  has  been  per¬ 
formed.  One  point  that  is  known  is  that  its  conductivity  value  is 
low  (10-4  Scm-1)  [9]. 

Conductive  polymers,  such  as  polyaniline  (PAni),  conduct  elec¬ 
tricity  mainly  by  the  movement  of  charge  carriers  known  as 
polarons  and  bipolarons,  generated  when  the  polymer  is  slightly 
oxidized  [10].  These  materials  can  be  used  as  cathodes  in  secondary 
batteries  because  they  can  be  reversibly  oxidized  and  reduced, 
and  thus  they  can  be  switched  reversibly  from  an  insulating  to 
a  conducting  state.  Doped  polyanilines  have  also  been  satisfac¬ 
torily  combined  with  inorganic  redox  oxides,  producing  systems 
suitable  for  electrochemical  Li  intercalation.  Kanatzidis  et  al.  [11] 
described  the  intercalative  polymerization  of  aniline  in  a  V2  O5  xero- 
gel,  yielding  PAni  nanocomposites  of  good  electrical  conductivity, 
and  Nazar  and  co-workers  [12,13]  demonstrated  the  feasibility  of 
using  these  materials  for  reversible  electrochemical  lithium  inser¬ 
tion.  The  [PAni]o.3V205  presented  a  specific  capacity  of  181  mAhg-1 
and  an  energy  density  of  507  Whkg-1  higher  than  those  obtained 
for  pure  oxide  (120mAhg_1  and  384  Wh  kg-1)  due  to  the  synergis¬ 
tic  effect  resultant  from  the  contact  between  PAni  and  V2O5  [14].  In 


1168 


S.  Neves  et  al.  /  Journal  of  Power  Sources  189  (2009)  1167-1173 


addition  to  these  materials,  there  are  also  those  called  microcom¬ 
posites,  i.e.,  polymeric  materials  combined  at  the  micrometer  scale, 
or  even  nanocomposites,  taking  into  account  the  micrometer  or 
nanometer  scale  size  of  the  oxide  particles  involved  [15-18].  Thus, 
the  combination  of  these  two  types  of  materials  (mixed  oxides  and 
conducting  polymers)  generates  a  class  of  mixed  conduction  com¬ 
posites  with  unique  properties  and  relatively  simple  synthesizing 
procedures. 

The  classical  methods  for  synthesizing  spinel  LiMn204  materi¬ 
als  are  via  solid-state  [19]  or  sol-gel  methods  [20].  However,  both 
methodologies  agglomerate  nanoparticles,  making  the  synthesis  of 
nanocomposites  difficult. 

In  this  context,  we  have  been  exploring  the  idea  of  using  several 
surfactants  to  disperse  the  LiMn2_xNix04  particles  before  their  use 
as  a  template  for  the  synthesis  of  a  conducting  polymer  (polyani¬ 
line).  The  goal  of  this  procedure  is  to  promote  better  coverage  of  the 
oxide  nanoparticles  in  order  to  improve  their  electrochemical  per¬ 
formance  for  their  application  as  cathodes  in  secondary  batteries. 
The  effects  of  the  choice  of  surfactant  on  the  resulting  nanocom¬ 
posites  were  investigated. 

2.  Experimental 

2  A.  Synthesis  of  LiMn2-Nix04 

A  typical  sol-gel  synthesis  of  LiMn2_xNix04  with  citric  acid  as  a 
chelating  agent  was  performed  in  the  following  way:  stoichiometric 
amounts  of  lithium  acetate,  nickel  nitrate  and  manganese  acetate 
(Aldrich)  were  dissolved  in  citric  acid  and  an  ethylene  glycol  (1:4, 
v/v)  solution.  Upon  stirring,  the  mixture  turned  into  a  viscous  sol, 
which  was  then  heated  at  160  °C,  resulting  in  the  formation  of  a 
gel  precursor  upon  the  evaporation  of  solvents.  A  subsequent  heat 
treatment  was  carried  out  at  250-900  °C  in  air  with  isotherms  for 
30  min  at  250, 500  and  900  °C,  followed  by  a  natural  cooling  step  to 
obtain  LiMn2_xNix04  powders. 

2.2.  Synthesis  of  PAni 

Polyaniline  was  synthesized  chemically  as  emeraldine  salt  (ES) 
by  oxidative  polymerization  of  a  distilled  monomer  (12.6  mmol  L-1 ) 
in  a  solution  containing  ImolL-1  HC1,  3  molL-1  NaCl  and 
6.25  mmol  L-1  citric  acid  at  -10  °C.  Another  solution  containing 
1  molL-1  HC1,  3  molL-1  NaCl  and  0.03  molL-1  of  ammonium  per¬ 
sulfate  (NH4)2S20g,  was  added  to  the  aniline  solution  over  a  period 
of  3h  with  vigorous  stirring.  The  precipitate  was  collected  by 
filtration  and  then  washed  with  1  mol  L-1  HC1,  resulting  in  the  con¬ 
ductive  state  of  the  polyaniline  (emeraldine).  The  dark  powder  was 
dried  under  a  dynamic  vacuum  for  48  h. 

2.3.  Synthesis  of  PAni/LiMn2-xNix04 

Firstly,  150  mg  of  the  LiMn2_xNix04  powders  were  dispersed  for 
10  min  in  an  ultra-sonic  bath  using  1  mL  of  a  surfactant  agent  in  a 
solution  containing  1  molL-1  HC1  and  3  molL-1  NaCl.  Three  com¬ 
mercial  non-ionic  surfactants  were  investigated,  viz.  L306,  L405  and 
L603,  which  are  part  of  the  range  trade  named  Alkomol®  (OXITENO 
Inc.,  Brazil).  They  were  all  ethoxylated  and  propoxylated  alco¬ 
hols  with  average  molecular  weights  of  675,  661  and  646  g  mol-1, 
respectively.  Their  structures,  which  consist  of  a  hydrophobic  back¬ 
bone  with  a  hydrophilic  group  attached,  may  be  represented  as 

R0(CH2CH20)n(CH2CH2CH20)mH 

where  R  is  the  grease  chain  of  the  alcohol,  and  n  and  m  are  the 
average  mole  numbers  of  ethylene  oxide  and  propylene  oxide, 


respectively.  Then,  the  surfactants  used  are  EO/PO  lauryl  alcohols 
with  the  following  proportions:  3EO/6PO  (L306),  4EO/5PO  (L405) 
and  6EO/3PO  (L603).  The  ethylene  oxide  unit  was  water  soluble 
while  the  propene  oxide  was  not;  their  combination  in  single  seg¬ 
ments  yields  a  surfactant  with  amphiphilic  characteristics,  which 
are  regarded  as  the  best  steric  stabilizers  [21  ]. 

To  coat  the  dispersed  LiMn2_xNix04  powder  with  polyaniline, 
12.6  mmol  L-1  of  aniline  was  introduced,  and  the  solution  was 
cooled  at  -10 °C.  Then,  the  oxidant  solution  (0.03 molL-1  ammo¬ 
nium  persulfate  in  1  molL-1  HC1  and  3 molL-1  NaCl)  was  added 
over  a  period  of  3  h  with  vigorous  mechanical  stirring.  As  described 
in  Section  2.2,  the  precipitate  was  collected  by  filtration  and  washed 
with  ImolL-1  HC1.  The  dark  powder  was  also  dried  under  a 
dynamic  vacuum  for  48  h. 

2.4.  Preparation  of  cathode  films 

Several  cathode  electrodes  were  obtained  by  mixing  each 
PAni/LiMn2_xNix04  composite  with  polyvinylidene  fluoride  (PVDF; 
8wt.%;  Fluka,  MW=  105  gmol-1)  in  N,N-dimethyl  acetamide.  The 
films  were  obtained  by  spin-coating  (5000  rpm,  5  s)  each  mixture 
onto  platinum  plates.  Prior  to  use,  the  electrodes  were  dried  at 
60  °C.  These  electrodes  were  prepared  to  evaluate  the  performance 
of  the  composites  as  a  function  of  the  kind  of  surfactant  used  in  the 
synthesis. 

2.5.  Characterization 

The  conductivity  was  measured  by  a  co-linear  four-point  tech¬ 
nique  on  pellets  compressed  at  2  MPa.  The  diameter  of  the  pellets 
was  typically  1.00  cm,  and  the  thickness  was  0.07  cm.  Electrical 
measurements  were  performed  in  a  conditioned  laboratory  at  20  °C 
using  four  probe  tips  (Cascade  Microtech  C4S-54;  distance  between 
probes  =  0.127  cm),  an  ampere  meter,  a  DC  current  source,  and  a 
voltmeter  (Minipa).  All  data  were  used  to  calculate  the  conductiv¬ 
ity  values  of  each  sample.  Proper  correction  factors  were  employed 
based  on  the  sizes  and  shapes  of  the  specimens. 

The  powders  were  also  characterized  by  X-ray  diffraction 
(XRD)  using  a  Shimadzu  model  XRD  7000,  with  Cu  Ka  radiation 
(40kV-30mA)  at  2°  min-1.  The  counting  time  was  10  s  for  the 
entire  spectrum,  2°  <  20  <  90°.  The  composition  of  the  mixed  oxide 
was  determined  by  an  inductively  coupled  plasma-atomic  emission 
spectrometer  (ICP-AES,  Perkin  Elmer  3000  DV)  after  dissolving  the 
given  powder  sample  in  HN03. 

Scanning  electron  microscopy  was  done  with  a  JEOL  model 
JSM-5900LV-LNLS/Campinas  microscope  after  coating  the  sample 
powders  with  gold  by  sputtering  using  a  sputter  coater ,  SCD  model 
50. 

Electrochemical  tests  were  done  in  a  liquid  electrolyte  at  room 
temperature  using  1  mol  L-1  LiC104  in  a  1 : 1  mixture  of  ethylene  car¬ 
bonate  (EC)  and  dimethylene  carbonate  (DMC).  The  electrodes  were 
cycled  in  cells  with  thick  lithium  foils  as  the  negative  and  reference 
electrodes.  The  electrochemical  cells  containing  different  cathodes 
were  characterized  using  cyclic  voltammetry,  in  the  potential  range 
from  2.9  to  4.4  V  at  1  mVs-1,  and  charge/discharge  tests,  applying 
current  densities  of  ±10  and  ±20  fxAcm-2  depending  on  each  sam¬ 
ple.  The  mass  of  the  composite  was  used  in  the  capacity  calculation. 
All  electrochemical  experiments  were  performed  in  an  argon-filled 
dry  box  using  an  AUTOLAB -PGSTAT30  FRA. 

3.  Results  and  discussion 

3 A.  Material  characterization 

In  this  study,  the  Ni  content  in  the  oxide  samples,  as  measured 
by  ICP  analysis,  was  about  x=1.0  in  the  LiMn2_xNix04  form.  The 
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Table  1 

Elemental  composition  of  LiMn2_xNix04  sample,  obtained  by  ICP  analysis. 


Nominal  composition 

LiMn2_xNix04 

Experimental  composition  (wt.%) 

Li 

4.27  ±0.07 

Mn 

28.4  ±3.1 

Ni 

31.3  ±2.5 

values  obtained  by  the  elemental  analysis  are  shown  in  Table  1.  In 
general,  Mn  substitution  with  some  metal  ions  decreases  the  initial 
discharge  capacity  and  improves  the  electrochemical  cyclability  of 
spinel  LiMn204  by  increasing  the  average  Mn  valence  [22]. 

To  find  out  the  crystallinity  of  the  oxide,  conductive  polymer 
and  composites  synthesized  in  the  presence  of  different  surfactant 
agents,  XRD  analysis  was  performed,  and  the  resultant  XRD  pattern 
is  shown  in  Fig.  1.  In  the  profile  obtained  for  LiMnNi04  (Fig.  la), 
the  a-NaFe02  layered  rhombohedral  structure  with  an  R3-m  space 
group  is  well  established,  in  agreement  with  reports  in  the  liter¬ 
ature  [7,23-27].  The  higher  intensity  ratio  of  the  (0  03)  and  (1  04) 
diffraction  peaks,  as  well  as  the  clearer  splitting  of  the  (0  0  6)/(l  0  2) 
and  (1  0  8)/(l  1  0)  diffraction  peaks,  confirmed  the  layered  nature 
of  the  material  [28,29].  The  average  crystal  size  (calculated  from 
the  Scherrer  equation  [30])  and  the  ratios  of  the  integrated  inten¬ 
sity  of  the  (0  03)  peak  to  that  of  the  (1  04)  peak,  i.e.,  (R  0  03/1  04), 
were  23.3  and  1.16 nm,  respectively.  The  R(0  03)/(l  04)  was  usu¬ 
ally  taken  as  an  approximate  measure  of  the  amount  of  ion  mixing 
in  the  a-NaFe02-type  structured  material  [31,32].  Higher  values  of 
R(0  03)/(l  04),  as  obtained,  were  desirable,  and  they  corresponded 
to  an  ideal  structure  in  which  fewer  Li  ions  would  locate  in  the 
transition  metal  site. 

The  PAni  chain  produced  under  acidic  conditions  has  fewer 
structural  defects  (e.g.,  nonpara  linkage  in  PAni-chains),  which 
results  in  the  fractions  of  crystalline  phase  observed  by  DRX  [33], 
seen  in  Fig.  1 .  Two  peaks  centered  at  20  =  20°  and  25°  were  verified 
in  the  X-ray  scattering  patterns  of  polyaniline  (emeraldine  salt-ES) 
and  all  the  composite  samples.  The  peak  centered  at  20  =  20°  (10  0 
face)  is  ascribed  to  a  periodicity  parallel  to  the  polymer  chain,  while 
the  peak  at  20  =  25°  (110  face)  is  due  to  the  periodicity  perpendic¬ 
ular  to  the  polymer  chain  [34].  The  peak  at  20  =  20°  also  represents 
the  characteristic  distance  between  the  planes  of  benzene  rings  in 
adjacent  chains  or  the  close  contact  interchain  distance  [35].  For 
ES  and  composite  L306  samples,  the  peak  at  20  =  25°  is  stronger 
than  that  at  20  =  20°,  which  is  similar  to  that  seen  for  highly  doped 


Fig.  1.  XRD  patterns  of  the  LiMnNi04,  PAni  and  composites  synthesized  with  differ¬ 
ent  surfactant  agents.  Counting  time  of  10  s  in  the  range  of  the  5°  <  20  <  75°. 


polyaniline  [36,37].  However,  for  the  composites  obtained  with  the 
surfactants  L405  and  L603,  the  peak  at  20  =  25°  has  the  same  mag¬ 
nitude  as  that  at  20  =  20°.  It  was  found  that  an  increase  in  the 
concentration  of  ethoxylated  groups  in  the  surfactant  agents  causes 
an  increase  of  the  periodicity  parallel  to  the  polyaniline  chains.  This 
observation  can  be  rationalized  in  terms  of  physical  bonds  (hydro¬ 
gen  bonds  or  van  der  Waals  bonds)  between  the  EO/PO  segment 
interchains,  which  result  in  the  crystalline  phases  (20  =  32°,  45°,  57° 
and  66°)  responsible  for  inducing  the  orientation  of  PAni  chains. 

The  main  diffraction  peaks  of  the  oxides  disappeared  in  all  the 
composites,  and  the  pattern  characteristic  of  PAni  predominated. 
This  may  be  attributed  to  the  interaction  between  the  PAni  and 
oxide,  which  is  improved  by  the  presence  of  surfactants.  A  similar 
behavior  was  observed  by  Singla  et  al.  [38]  in  composites  consti¬ 
tuted  by  Mn304  and  PAni  doped  with  different  acids,  where  the 
interaction  between  the  oxide  and  counter  acid  anion  was  respon¬ 
sible  for  the  disappearance  in  the  XRD  diffraction  pattern  of  Mn304. 

Fig.  2  shows  typical  SEM  micrographs  recorded  for  all  the  mate¬ 
rials  studied.  It  can  be  seen  from  Fig.  2a  and  b  that  the  as-prepared 
LiMnNi04  powder  shows  a  narrow  particle  size  distribution,  but 
conglomeration  among  the  particles  is  clearly  observed.  The  parti¬ 
cles  are  about  0.5-4  p,m  in  size.  The  discrepancy  in  the  particle  sizes 
obtained  from  SEM  and  XRD  analyses  originates  from  the  presence 
of  impurities  and  the  tendency  of  the  crystallites  to  agglomerate 
into  secondary  particles.  It  also  suggests  a  greater  tendency  toward 
agglomeration  in  the  sol-gel  material.  Fig.  2c  and  d  shows  the  larger 
agglomerates  of  polyaniline,  which  form  some  slabs  with  superfi¬ 
cial  crystalline  structures,  in  agreement  with  the  XRD  pattern.  The 
distribution  of  the  polyaniline  in  the  composites  was  evaluated 
in  Fig.  2e-j.  The  synthesis  of  the  composites  resulted  in  agglom¬ 
erates  with  irregular  particles  formed  by  small  oxide  crystallites 
stuck  together  with  polymer  plates.  The  SEM  images  show  that, 
independent  of  the  kind  of  surfactant,  the  oxide  surface  in  contact 
with  the  reaction  mixture  used  for  the  polymerization  of  aniline 
becomes  coated  with  PAni  particles.  It  is  assumed  that  aniline 
oligomers  are  produced  first  [39].  Because  of  their  reduced  solu¬ 
bility,  they  adsorb  at  the  available  interfaces.  The  adsorbed  species 
start  the  growth  of  PAni  chains,  which  is  why  polymerization  at  an 
interface  is  preferred  for  the  corresponding  process  in  the  whole 
volume  of  a  reaction  mixture  [40,41  ].  The  polymerization  of  aniline 
is  auto-accelerated  [42];  i.e.,  PAni  formation  preferentially  occurs 
at  the  spots  where  some  PAni  has  already  been  produced.  This 
leads  to  a  proliferation  of  the  PAni  film  nucleated  at  the  interface 
of  the  LiMnNi04-surfactant,  resulting  in  an  effective  cover.  All  the 
composites  presented  particle  agglomeration,  as  in  Fig.  2e-j.  The 
presence  of  aromatic  rings  in  the  coating  molecule  may  aid  the 
aggregation  of  the  particles,  possibly  due  to  an  attractive  interac¬ 
tion  between  the  TT-systems  of  molecules  on  neighboring  particles, 
which  would  have  significant  strength  when  summed  over  the 
number  of  molecules  adsorbed  on  a  typical  particle  surface.  A  sim¬ 
ilar  effect  is  seen  in  the  molecular  crystals  of  aromatic  compounds, 
where  the  crystal  structure  is  maintained  by  the  stacking  interac¬ 
tions  of  adjacent  molecules  [43].  The  presence  of  some  crystals  can 
be  observed  in  the  micrographs  recorded  for  the  composites  with 
the  surfactants  L405  and  L603,  in  agreement  with  the  DRX  results 
(Fig.l). 

The  conductivity  of  all  the  samples  was  determined  by  the  co- 
linear  four-probe  technique.  The  values  are  presented  in  Table  2. 
The  polyaniline  doped  with  HC1  has  a  high  crystallinity  and  elec¬ 
trical  conductivity,  concurring  with  similar  results  that  have  been 
reported  in  the  literature  [44].  The  measured  value  of  the  electrical 
conductivity  of  the  oxide  was  on  the  order  of  10-5  S  cm-1  at  room 
temperature,  and  this  value  falls  within  the  semiconductor  range 
(10-10  to  10-4  S  cm-1).  The  conductivity  of  the  PAni/LiMnNi04  L306 
composite  was  four  times  greater  than  that  of  neat  PAni  and  other 
composites,  which  can  be  ascribed  to  the  formation  of  more  ordered 
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Table  2 

Four-probe  conductivity  values  of  oxide,  polyaniline  and  PAni/LiMnNi04  composites. 


Materials 

cr/Scirr2 

PAni 

5.4 

LiMnNi04 

<10“5 

PAni/LiMnNi04  L306 

21.7 

PAni/LiMnNi04  L405 

6.5 

PAni/LiMnNi04  L603 

8.2 

Fig.  3.  Steady  state  cyclic  voltammograms  obtained  using  1  mol  Lr1  LiC104  in 
EC-DMC  as  electrolyte  solution,  at  1  mV  s-1.  Inset  shows  the  magnification  of  lower 
current  density  range. 

PAni  chains,  induced  by  the  presence  of  surfactant  L306,  that  favor 
the  interaction  between  the  TT-conjugated  structures  of  the  quinoid. 

3.2.  Electrochemical  performance 

Typical  CV  obtained  in  the  present  case  for  composites  of 
PAni/LiMnNi04  and  individual  components  are  depicted  in  Fig.  3. 
The  current  responses  are  presented  as  normalized  with  the  weight 
of  the  sample  films.  The  cycle  performance  was  not  investigated 
over  4.4  V  to  avoid  polyaniline  degradation.  LiMnNi04  showed 
major  oxidation  and  reduction  peaks  at  around  4.1  and  3.9V, 
respectively,  corresponding  to  the  lithium  deintercalation  and  rein¬ 
tercalation  processes  (Fig.  3b).  These  observed  peaks  could  be 
assigned  to  an  Mn3+/Mn4+  electrochemical  process  [45]. 

Fig.  3  also  shows  a  couple  of  poorly  defined  redox  peaks  for 
polyaniline  centered  at  4.2/4.0  V.  However,  no  obvious  redox  peaks 


Table  3 

Impedance  parameters  determined  from  Bode-type  diagrams. 


were  observed  in  the  voltammetries  of  all  the  composites,  indicat¬ 
ing  that  capacitive  behavior  is  predominant.  Significant  increases 
in  the  current  density  were  observed  for  the  PAni/LiMnNi04  L306, 
which  appears  to  be  due  to  a  better  interaction  between  the  con¬ 
ductive  polymer  and  the  oxide  that  was  promoted  by  the  surfactant 
with  a  lower  concentration  of  EO  groups  and,  therefore,  a  lower 
crystallinity.  It  seems  that  the  crystalline  and  dense  structures  of  the 
composites  L405  and  L603  retard  the  ionic  motion  in  the  electrodes, 
resulting  in  a  decrease  in  the  electroactivity. 

Impedance  analysis  of  the  LiMnNi04,  PAni  and  PAni/LiMnNi04 
composite  films  at  OCP  is  shown  in  Fig.  4  as  Bode-type  diagrams.  The 
total  impedance  of  the  LiNiMn04  film  (Zj)  determined  at  a  lower 
frequency  range  was  higher  than  that  of  the  PAni/LiMnNi04  com¬ 
posite  films,  as  presented  in  Table  3.  This  difference  is  attributed 
to  the  presence  of  PAni  in  the  composites,  which  increased  the 
electronic  conductivity  and  also  acted  as  an  electroactive  material. 

Despite  the  fact  that  all  the  films  were  characterized  in  the  same 
electrolyte  solution,  the  values  determined  for  the  electrolyte  resis¬ 
tance  (Re)  at  a  high  frequency  range  changed  as  a  function  of  the 
surfactant  present  in  the  composite,  as  in  Fig.  4a  and  Table  3.  The 
hypothesis  to  justify  this  behavior  is  that,  during  composite  syn¬ 
thesis,  the  molecules  of  aniline  become  progressively  incorporated 
into  the  interior  of  the  oxide/surfactant  aggregates  and  that,  when 
an  oxidant  agent  is  added  to  the  recipient,  the  oxidative  polymer¬ 
ization  begins  to  take  place,  both  in  the  interior  and  exterior  of 
these  aggregates.  The  conducting  polymer  chains  are  trapped  inside 
the  surfactant  aggregates,  with  parallel  and/or  perpendicular  struc¬ 
tures.  The  surfactants  used  in  the  composites’  syntheses  are  formed 
by  EO/PO  chains,  which  can  participate  in  the  ion  transport  through 
lithium-polymer  chain  complexes.  It  is  important  to  consider  that 
the  materials  most  studied  as  polymer  electrolytes  are  precisely 
based  on  polyethylene  oxide)  (PEO)  and  polypropylene  oxide) 
(PPO),  both  of  which  contain  inorganic  salt  dissolved  in  their  matri¬ 
ces  [46,47].  Therefore,  we  believe  that  the  electrolyte  resistance 
variation  is  due  to  the  additional  participation  of  the  surfactant  as 
an  electrolyte. 


Fig.  4.  Frequency  dependence  of  the  impedance  of  the  modulus  (a)  and  phase  (b)  parts  of  PAni/LiMnNi04  composite  films  and  individual  components  obtained  at  OCP  (3.3  V 
vs.  Li)  in  EC-DMC/1.0  mol  L-1  LiC104. 
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Fig.  5.  Initial  charge  and  discharge  curves  where  j  =  ±10mAcm-2  for  PAni, 
LiMnNi04,  composites  L306  and  603  samples  and  ±20mAcm-2  for  composite  L405. 
The  mass  used  of  each  sample  was  50  mg,  approximately. 
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Fig.  6.  Variation  of  the  capacity  delivered  by  the  cells  as  a  function  of  the  number 
of  cycles. 


The  inclined  line  in  the  low-frequency  range  was  attributed  to 
the  ‘Warburg  impedance’  associated  with  lithium  diffusion  through 
the  composite  electrode  [48].  The  chemical  diffusion  coefficient  (D) 
can  be  estimated  through  the  plot’s  frequency  dependency  of  the 
imaginary  part  (Fig.  4b)  using  &>  =  2D/h2,  where  oo  is  the  transition 
angular  velocity  and  h  is  the  film  thickness  (13.25  pum).  The  val¬ 
ues  of  the  diffusion  coefficients  presented  in  Table  3  for  LiMnNi04 
and  PAni  are  in  agreement  with  results  reported  in  the  literature 
[49-51].  With  respect  to  composites,  the  L306  presented  a  diffu¬ 
sion  coefficient  higher  than  the  other  composites,  probably  related 
to  the  more  perpendicular  configuration  of  the  polyaniline  chains 
indicated  in  the  XRD  analysis  (Fig.  1),  which  facilitates  the  process 
of  ion  diffusion  in  the  bulk  of  the  material.  Another  fact  that  can  be 
considered  is  the  presence  of  crystalline  phases  in  the  composites 
L405  and  L603,  which  inhibits  access  of  the  electrolyte  solution  to 
oxide  particles. 

Typical  initial  charge-discharge  profiles  of  Li/LiMnNi04  cells  are 
presented  in  Fig.  5.  To  further  investigate  the  effect  of  the  surfac¬ 
tant  on  the  long-term  stability  of  the  Li-ion  cell,  the  cells  containing 
composite  films  as  cathodes  were  charged  to  4.4  V  after  every  25 
cycles,  and  the  relationship  between  the  specific  capacitance  and 
the  cycle  number  are  plotted  in  Fig.  6.  The  electrochemical  perfor¬ 
mances  are  presented  in  Table  4. 

The  LiMnNi04  sample  shows  an  initial  discharge  capacity  of 
122  mAhg-1  and  good  cycle  behavior,  as  it  retained  a  discharge 
capacity  of  119  mAhg-1  after  25  cycles,  which  corresponds  to  98% 
retention  capacity.  This  may  be  due  to  its  lamelar  structure,  where 
lithium  ions  can  deintercalate/intercalate  in  the  layered  space  dur¬ 
ing  the  charge/discharge  processes.  This  result  is  promising  mainly 
because  the  charge/discharge  cycling  has  been  performed  between 
the  cut-off  voltages  of  2.8  and  4.4  V  [52,53].  The  specific  capacity 
value  determined  for  polyaniline  was  initially  55  mAh  g-1 ,  which  is 


Table  4 

Electrochemical  performance  of  materials. 


Sample 

5th  discharge 
capacity  (mAhg-1) 

25th  discharge 
capacity  (mAh  g-1) 

Retention 
capacity3  (%) 

LiMnNi04 

122 

119 

98 

PAni 

55 

53 

96 

PAni/LiMnNi04  L306 

198 

181 

91 

PAni/LiMnNi04  L405 

134 

131 

98 

PAni/LiMnNi04  L603 

131 

130 

99 

a  Retention  capacity  =  (25th  discharge  capacity/5th  discharge  capacity)  x  100%. 


in  agreement  with  the  results  reported  in  the  literature  [54]  for  PAni 
obtained  with  a  similar  polymerization  method,  solvent  and  elec¬ 
trolyte  salt.  After  25  cycles,  the  discharge  capacity  slowly  reduces 
but  still  retains  96%  of  the  initial  value. 

Under  the  same  conditions,  the  discharge  capacity  of  the 
PAni/LiMnNi04  L306  composite  at  the  25th  cycle  was  181  mAhg-1 ; 
this  was  a  very  good  result  even  when  a  retention  capacity  of  91% 
is  considered.  The  advantages  of  synthesizing  the  composites  using 
the  surfactants  L405  and  L603  were  not  so  evident;  the  specific 
capacity  values  determined  after  25  cycles  were  closer  than  those 
obtained  from  only  oxide,  at  131,  130  and  119 mAhg-1,  respec¬ 
tively. 

This  good  electrochemical  performance  of  mainly  the 
PAni/LiMnNi04  L306  composite  can  be  attributed  to  the  effective 
interaction  between  the  conductive  shell  of  PAni  and  the  core 
of  LiMnNi04  L306,  and/or  due  to  the  increase  of  the  mass  frac¬ 
tion  of  electrochemically  active  oxide  exposed  to  an  electrolyte 
as  promoted  by  the  surfactant  L306.  Flowever,  to  elucidate  the 
mechanism  of  the  interaction  between  these  possibilities  requires 
further  studies.  Comparing  the  cycling  performance  of  all  the  tested 
materials  (Table  4),  it  is  evident  that  the  composite  PAni/LiMnNi04 
L306  is  a  promising  alternative  to  traditional  materials  used,  such 
as  for  the  cathodes  in  lithium  ion  batteries. 


4.  Conclusions 

Composites  of  PAni  and  LiMnNi04  can  be  obtained  by  the  oxida¬ 
tive  polymerization  of  aniline  in  a  medium  containing  oxide.  These 
composites  present  a  class  of  materials  containing  an  inorganic  host 
that  was  encapsulated  or  uniformly  coated  with  conducting  poly¬ 
mers  due  to  the  presence  of  non-ionic  surfactants  based  on  EO/PO 
lauryl  alcohols. 

Powder  X-ray  diffraction  data  showed  that  an  ideal  structure 
was  obtained  for  LiMnNi04  in  which  fewer  Li  ions  were  located 
in  the  transition  metal  site.  DRX  and  SEM  confirmed  the  effec¬ 
tive  cover  of  the  oxide/surfactant  particles  by  polyaniline.  The 
composite  PAni/LiMnNi04  L306  showed  the  best  electrochemi¬ 
cal  performance,  with  an  initial  capacity  of  198 mAhg-1;  after  25 
cycles,  the  retention  capacity  was  91%.  The  results  showed  coher¬ 
ence  and  indicated  a  synergistic  effect  among  the  constituents, 
which  validates  the  strategy  of  designing  high-capacity  electrodes 
using  integrated  ‘composite’  structures. 
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